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Abstract. Observations of the scale-dependent turbulent
ﬂuxes, variances, and the bulk transfer parameterization
for sensible heat above, within, and beneath a tall closed
Douglas-ﬁr canopy in very weak winds are examined.
The daytime sub-canopy vertical velocity spectra exhibit
a double-peak structure with peaks at timescales of 0.8s
and 51.2s. A double-peak structure is also observed in the
daytime sub-canopy heat ﬂux co-spectra. The daytime mo-
mentum ﬂux co-spectra in the upper bole space and in the
sub-canopy are characterized by a relatively large cross-
wind component, likely due to the extremely light and vari-
able winds, such that the deﬁnition of a mean wind di-
rection, and subsequent partitioning of the momentum ﬂux
into along- and cross-wind components, has little physical
meaning. Positive values of both momentum ﬂux compo-
nents in the sub-canopy contribute to upward transfer of mo-
mentum, consistent with the observed sub-canopy secondary
wind speed maximum. For the smallest resolved scales in the
canopy at nighttime, we ﬁnd increasing vertical velocity vari-
ance with decreasing timescale, consistent with very small
eddies possibly generated by wake shedding from the canopy
elements that transport momentum, but not heat. Unusually
large values of the velocity aspect ratio within the canopy
were observed, consistent with enhanced suppression of the
horizontal wind components compared to the vertical by the
very dense canopy.
The ﬂux–gradient approach for sensible heat ﬂux is found
to be valid for the sub-canopy and above-canopy layers when
considered separately in spite of the very small ﬂuxes on the
order of a few Wm−2 in the sub-canopy. However, single-
source approaches that ignore the canopy fail because they
make the heat ﬂux appear to be counter-gradient when in
fact it is aligned with the local temperature gradient in both
the sub-canopy and above-canopy layers. While sub-canopy
Stanton numbers agreed well with values typically reported
in the literature, our estimates for the above-canopy Stanton
number were much larger, which likely leads to underesti-
mated modeled sensible heat ﬂuxes above dark warm closed
canopies.
1 Introduction
Observational studies are important for improving our ba-
sic understanding of the turbulence mixing and turbulence
transport for different forest canopy architectures in vary-
ing conditions (e.g., Baldocchi and Meyers, 1988; Meyers
and Baldocchi, 1991; Raupach, 1994; Raupach et al., 1996;
Vickers and Thomas, 2013, and references therein). Such
studies are also important for more practical problems in-
cluding mixing of scalars in the sub-canopy, decoupling of
the sub-canopy (e.g., Staebler and Fitzjarrald, 2005; Vickers
etal.,2012;Thomasetal.,2013;VickersandThomas,2013),
air-surface exchange processes (e.g., Goulden et al., 1996;
Thomas et al., 2013), and parameterizations of the turbulent
ﬂuxes in terms of model-resolved bulk quantities, such as
ﬂux–gradient methods and Monin–Obukhov similarity the-
ory.
The observations in this study are of special interest be-
cause they are characterized by a very dense canopy and very
weak winds. The sub-canopy has a reversed heat ﬂux regime,
where the heat ﬂux is upward at night and downward during
the day. The daytime momentum ﬂux is typically upwards in
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Table 1. Daytime averages of the wind speed (U, ms−1), ver-
tical velocity variance (< w0w0 >, m2 s−2), kinematic heat ﬂux
(< w0θ0 >, Kms−1), along-wind momentum ﬂux component (<
w0u0 >, m2 s−2), and the cross-wind momentum ﬂux component
(< w0v0 >, m2 s−2) at 38ma.g.l. (above-canopy), 16m (lower
crown space), and 4m (sub-canopy).
z (m) U < w0w0 > < w0θ0 > < w0u0 > < w0v0 >
38 2.3 0.59 0.20 −0.36 0.0030
16 0.19 0.13 0.0076 −0.0064 0.0081
4 0.56 0.014 −0.0024 0.0043 0.0077
the sub-canopy associated with a decrease in the mean wind
speed with increasing height between the sub-canopy layer
and the within-canopy layer. Analysis of such weak turbu-
lence sub-canopy conditions coupled with the reversed heat
ﬂux regime is often avoided in the literature.
In this study we analyze observations of the scale-
dependent turbulent ﬂuxes and variances above, within, and
beneath a tall closed Douglas-ﬁr canopy. In addition, we
evaluate the standard ﬂux–gradient approach for sensible
heat to address the question of whether or not standard ﬂux–
gradient methods are appropriate for the sub-canopy layer,
where the mean wind speed is very weak and decreases with
height, and the primary source of heating and cooling is lo-
cated at the top of the layer. Such evaluations are relevant to
the ecosystem modeling community as their models typically
use some form of the ﬂux–gradient relationship and may or
may not resolve the different layers separately.
2 Materials and methods
2.1 Site description
The data analyzed here were collected in a 33-year-old
Douglas-ﬁr forest located in the coast range of western
Oregon, USA (AmeriFlux site US-Fir, 44.646◦ N latitude,
123.551◦ W longitude, 310m elevation) during the period
5 May through 24 October 2007 (Thomas et al., 2008;
Thomas, 2011). The vertical structure of the vegetation
canopy consists of a sparse understory composed mainly
of Salal (Gaultheria shallon) with a maximum plant height
of 0.8m above ground level (a.g.l.) and the main Douglas-
ﬁr (Pseudotsuga menziesii) crown space extending from 15
to 26ma.g.l. The site is surrounded by moderately sloped
terrain with a relatively ﬂat saddle located approximately
600m to the northeast of the tower. The canopy is very dense
with a plant area index (PAI) of 9.4m2 m−2 optically mea-
sured in 2004 (Model LAI2000, Licor, Lincoln, NE, USA).
The winds and turbulence are very weak (Tables 1 and 2
and Fig. 1). The persistent weak wind above the canopy is
thoughttobeduetotopographicshelteringbythecoastrange
with westerly winds.
Table 2. Same as Table 1 but for nighttime averages.
z (m) U < w0w0 > < w0T 0 > < w0u0 > < w0v0 >
38 0.94 0.085 −0.0049 −0.046 −0.0067
16 0.14 0.020 0.0074 −0.00034 0.0021
4 0.29 0.0054 0.0015 0.00023 −0.00029
Figure 1. The frequency distribution of the sub-canopy mean wind
speed (top) and the standard deviation of vertical velocity (bottom).
2.2 Instrumentation
Eddy-covariance measurements of the fast response wind
components and temperature were collected using three-
dimensional sonic anemometers (model CSAT3, Campbell
Scientiﬁc Inc., Logan, UT, USA) during the summer dry pe-
riod from 5 May through 24 October 2007. The analysis uses
20Hz time series data collected at three levels: 12m above
the canopy at 38ma.g.l. (z/h = 1.5), at 16ma.g.l. at the
transition from the clear bole space of the sub-canopy to the
main crown space, and in the open sub-canopy at 4ma.g.l.
Slow response air temperature was measured using aspirated
and shielded sensors (PRT 1000) at 4, 16, and 38ma.g.l.,
and soil temperature was measured with a thermistor 0.02m
beneath the surface.
The surface brightness temperature of the top of the
canopy layer was calculated from the downward-facing long-
wave pyrgeometer (CNR1, Kipp and Zonen) at 37ma.g.l.
using an emissivity of the foliage of 0.99. This value
of the emissivity was found to minimize the number of
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counter-gradient heat ﬂuxes for the ﬂux measured at 38m
and the temperature gradient between the top of the canopy
and 38m. This approach is justiﬁed by our high conﬁdence
that the 38m heat ﬂux should be aligned with the mean tem-
perature gradient above the canopy at z/h = 1.5.
2.3 Analysis
Fluxes and variances are computed using block-averaging
where variables are decomposed into a mean part and a tur-
bulent part as
φ = φ +φ0, (1)
where the overbar denotes a suitable time average (the per-
turbation timescale τ) and φ represents the 20Hz wind com-
ponents or temperature. Unlike running means and band-
pass ﬁlters, block averaging satisﬁes Reynolds averaging.
The time-averaged ﬂuxes and variances are then computed
as the average of the instantaneous products of perturba-
tions over some chosen ﬂux-averaging timescale λ. For ex-
ample, the vertical turbulent ﬂux of φ is < w0φ0 >, where
the angle brackets indicate averaging over the ﬂux-averaging
timescale.
Increasing the perturbation timescale allows larger scale
motions to be included in the calculated ﬂux, while a de-
crease excludes larger scale motions. Increasing the ﬂux-
averaging timescale reduces the random sampling error, but
may in turn introduce additional non-stationarity (Vickers
et al., 2009). Our primary calculations use τ = 10min and
λ = 30min; however, the sensitivity of our results for the
Stanton number to the choices of τ and λ is explored below.
Duetothesmallobservedtiltanglesandthegeneraluncer-
tainty in the justiﬁcation for applying a tilt correction (or co-
ordinate rotation), especially for very weak wind sub-canopy
data, we did not make any corrections to the fast response
wind components to account for a possible tilt in the sonic
anemometers from true vertical. The average tilt angle cal-
culated (but not used for any rotations) for the most frequent
mean wind direction of west-northwest is less than 1 ◦ in the
sub-canopy and 3 ◦ above the canopy. It is not clear whether
a non-zero angle indicates real time-averaged vertical motion
or a tilted sensor.
Multiresolution decomposition (Howell and Mahrt, 1997;
Vickers and Mahrt, 2003) is used to compute the scale depen-
dences of the vertical velocity variance, the heat ﬂux, the mo-
mentum ﬂux components, and the velocity aspect ratio. Mul-
tiresolution analysis applied to time series decomposes the
record into simple unweighted averages on dyadic timescales
and represents the simplest possible orthogonal decomposi-
tion. Unlike Fourier analysis, multiresolution decomposition
satisﬁes Reynolds averaging at all scales and, as a local trans-
form, it does not assume periodicity of the signals.
The isotropy of the turbulence is examined using the ve-
locity aspect ratio (Vickers and Mahrt, 2006) computed as
VAR =
21/2σw
(σ2
u +σ2
v)1/2, (2)
where σ denotes the standard deviation (e.g., σw = w0w01/2
).
In the case where σu = σv = σw, VAR (velocity aspect ratio)
is unity and the turbulence is isotropic. Small values of VAR
indicate mostly two-dimensional motions that are likely non-
turbulent.
A normalized turbulence intensity is evaluated as σwU−1,
whereσw isthestandarddeviationoftheverticalvelocityand
U is the mean wind speed. Large values of the normalized
turbulence intensity could indicate that sources of turbulence
other than local shear generation are important.
2.4 Bulk ﬂuxes
The bulk aerodynamic relationship for estimating surface
ﬂuxes is applied in almost all numerical models (e.g., the
Community Land Model; Oleson et al., 2010) either directly
or indirectly in combination with other approaches. The bulk
formulation for the heat ﬂux is typically written as
H = ρcp < w0θ0 >= ρcpCHU(θo −θ), (3)
where H is the sensible heat ﬂux, ρ is the air density, cp
is the speciﬁc heat at constant pressure, < w0θ0 > is the
kinematic heat ﬂux, CH is the Stanton number at height z
and is the exchange coefﬁcient for sensible heat, U is the
mean wind speed at height z, θo is the aerodynamic poten-
tial temperature, and θ is the potential temperature of the
air at height z. The Community Land Model uses the aero-
dynamic resistance rH, which is equal to the inverse of the
product of the Stanton number and the mean wind speed, i.e.,
rH = (CHU)−1.
UsingMonin–Obukhovsimilaritytheory,theaerodynamic
potential temperature θo is deﬁned by vertically integrat-
ing the non-dimensional potential temperature gradient from
some level in the surface layer down to the roughness length
for heat. However, since Monin–Obukhov similarity theory
is commonly assumed to be invalid for the roughness sub-
layer between the surface and the surface layer (e.g., Rau-
pach, 1994), the computed aerodynamic temperature will
be different from observed quantities, and therefore, rigor-
ous evaluation of similarity theory is problematic (Mahrt
and Vickers, 2004). Our estimates of the sub-canopy CH are
made possible by substituting a measured temperature for the
aerodynamic potential temperature in Eq. (3). In our case,
we use the 2cm soil temperature when evaluating the ﬂux–
gradient relationship in the sub-canopy and the radiative tem-
perature of the top of the canopy when evaluating the ﬂux–
gradient method above the canopy.
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Figure 2. Composites of three levels of daytime vertical velocity spectra ww (m2 s−2, left column), kinematic heat ﬂux co-spectra wT
(Kms−1, middle column), and the along- and cross-wind (red) components of the momentum ﬂux (wu and wv) (m2 s−2, right column). All
quantities have been multiplied by 1000. The vertical line in each panel denotes τ = 20s. The error bars denote the 99% conﬁdence limit
about the mean.
3 Results
3.1 Turbulence structure
The composite scale-dependent vertical velocity variance,
heat ﬂux, and momentum ﬂux components above the canopy
at 38ma.g.l., at the top of the sub-canopy bole space at 16m,
and in the open sub-canopy at 4m during the day and night
are shown in Figs. 2 and 3, respectively. To avoid contam-
ination of daytime and nighttime comparisons, the morning
andeveningtransitionperiodshavebeenexcludedfromthese
composites. The daytime heat ﬂux is upward at 16 and 38m
and downward at 4m because the primary daytime radiative
heating occurs in the tree crown where the leaf area den-
sity is greatest, and not at the ground surface. At night, the
16m heat ﬂux remains upward while the 38m and 4m level
heat ﬂuxes switch signs due to strong radiative cooling of the
canopy.
Comparing the location of the spectral peaks for, e.g., the
vertical velocity variance across levels, shows that the ra-
tio of sub-canopy to above-canopy timescales exceeds two,
while the ratio of sub-canopy to upper-boundary of the bole
space equals unity for the nighttime and exceeds two for the
daytime data. This can be explained by the closed, dense
canopy. As evidenced by the direction and magnitude of the
heat ﬂuxes, the ﬂow and transport at the 38 and 16m levels
communicate actively during the day indicating a coupled
state, while the 4m level is buoyantly decoupled. At night,
the 16 and 4m levels are closely coupled, while the signiﬁ-
cant above-canopy stratiﬁcation decouples observations fur-
ther aloft at 38m.
In addition to a shift toward increased peak timescale with
decreasing proximity to the ground, we also call attention
to the much broader spectral peaks for sub-canopy ﬂuxes
and vertical velocity variance compared to the more nar-
rowly deﬁned above-canopy peaks. The former may indicate
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Figure 3. Same as Fig. 2 but for nighttime.
a wide variety of generating mechanisms, while the latter
point to buoyancy as the most important mechanism driving
the above-canopy turbulence.
The spectra in Figs. 2 and 3 are ensemble-averaged over
more than 8200 individual 30min spectra, and the error bars
indicate that the peak in the nighttime momentum ﬂux at
timescales of 1000 to 2000 s is statistically signiﬁcant. One
would expect the momentum transport to be negative, i.e., di-
rected toward the ground, but it is surprising that the largest
contribution to the ﬂux is found at such large timescales. We
currently do not have a sound physical explanation for the
occurrence of these larger scale motions, but note that non-
turbulent sub-mesoscale motions are largely responsible for
the sub-canopy ﬂow and transport of heat at this site as found
in Thomas (2011).
A peculiar double-peak structure in the sub-canopy verti-
cal velocity spectra is found in about two-thirds of all cases
during the day, but is absent in almost all nighttime data. The
double peaks are found for all wind directions, giving con-
ﬁdence that the result is likely not due to a measurement or
ﬂow distortion problem. The ﬁrst peak is found at 0.8s, while
the timescale of the second peak is 51.2s (Fig. 2). The length
scale associated with a timescale of 0.8s is only about 0.4m,
using a sub-canopy mean wind speed of 0.5ms−1 in com-
bination with Taylor’s hypothesis, which may not be reliable
in these very weak wind and weak turbulence conditions. Al-
though we have no direct measurements to conﬁrm this, the
peakintheverticalvelocityspectraat0.8smaybeassociated
with very small eddies generated by wake shedding at the
lower edge of the canopy layer (e.g., Meyers and Baldocchi,
1991; Brunet et al., 1994; Dupont et al., 2012). These very
small eddies apparently transport momentum but not heat.
The lack of a well-deﬁned double-peak structure in the ver-
tical velocity spectra at night may be related to the weaker
wind speeds at night (Tables 1 and 2) and subsequently less
wake turbulence.
The formation of a double peak in the vertical velocity
spectra may also be related to canopy density and could be
site speciﬁc. The canopy studied here is remarkable for its
large plant area index of 9.4. Our previous study (Vickers
and Thomas, 2013) looked at a tall open-canopy ponderosa
pine site with a plant area index of 2.8. No double peak in
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the vertical velocity spectra was detected in the sub-canopy
of the tall open-canopy site
A double-peak structure is also observed in the daytime
sub-canopy heat ﬂux co-spectra (Fig. 2), where a local min-
imum in the negative heat ﬂux is found for the range of
timescales from 6.4 to 25.6s. The heat ﬂuxes at 16 and
4m are opposite in direction, but the magnitude of the 4m
heat ﬂux is only approximately 15 to 25 % of that fur-
ther aloft. We propose that the heat ﬂux contribution for
the timescales dominating the 16m-ﬂux cancel out near the
ground as colder air is moved upward and mixes with the
relatively cold, but still warmer air moving downward from
the 16m level. One would thus expect this canceling effect
to create a gap in the 4m heat ﬂux co-spectra at timescales
around 15s, as evidenced in Fig. 2, bottom panel. Thus, the
co-spectral gap should not be interpreted as evidence that
motions on these scales do not exist. We argue that the dou-
ble peaks are the result of the canceling contribution of op-
posing ﬂuxes creating a gap in an otherwise continuous co-
spectrum, and thus must not be interpreted as evidence for
physical processes generating motions with two distinctly
different timescales of 1 and 200s. The minimum in the sub-
canopy vertical velocity variance coincides with timescales
around 15s, and its existence is consistent with our interpre-
tation since the mixing of air and cancelation of opposing
ﬂuxes near the ground would lead to suppressed vertical mo-
tions due to buoyancy effects.
The daytime momentum ﬂux co-spectra at 16 and 4m
are characterized by a relatively large cross-wind component
(Fig. 2). This is likely due to the extremely light and variable
sub-canopy winds, such that the deﬁnition of a mean wind
direction and subsequent partitioning of the momentum ﬂux
into cross- and along-wind components has little physical
meaning. Above the canopy at 38m, where the mean wind
speeds are still weak but are much larger than in the sub-
canopy (Tables 1 and 2), our results agree with those typ-
ically found in the literature indicating that the cross-wind
component of the momentum ﬂux is typically small com-
pared to the along-wind component. Positive values of both
momentum ﬂux components in the sub-canopy at timescales
exceeding about 10s (Fig. 2) denote a net upward transfer
of momentum at these scales and are consistent with the ob-
served decrease in the mean wind speed with height from 4m
to 16m.
At the 16m level at night, we ﬁnd relatively large momen-
tum ﬂuxes and vertical velocity variance at the smallest re-
solved timescales (Fig. 3). However, carefully comparing the
day- and nighttime ensemble-averaged momentum ﬂux co-
spectra shows that these ﬂuxes occur during both day and
night with about the same magnitude and sign. Because the
scaling of the ordinates is different for the day and night, it
is difﬁcult to see the contribution from the smallest motions.
The error bars in Fig. 2 and 3 indicate that this contribution
at the smallest scales is highly variable in both magnitude
Figure 4. Three levels of the scale dependence of the velocity as-
pect ratio, VAR. The vertical line denotes τ = 20s. The horizontal
dashed line represents unity, where the turbulence is isotropic.
and sign, and thus their behavior in the ensemble-averaged
spectra should not be over-interpreted.
3.2 Velocity aspect ratio
The velocity aspect ratio (Eq. 2) is smaller in the sub-canopy
compared to above the canopy at all timescales (Fig. 4), in-
dicating that the sub-canopy motions are more anisotropic
(more horizontal) compared to those above the canopy, con-
sistent with enhanced suppression of vertical velocity per-
turbations closer to the ground. Both above and below the
canopy, VAR is maximum at timescales of 0.4 to 0.8s, and
decreases with increasing timescale. The scale dependences
of the above-canopy and sub-canopy estimates of VAR are
similar to those observed at a tall open-canopy pine forest
site (Vickers and Thomas, 2013). The decrease in VAR with
decreasingtimescalefortimescalesshorterthan0.4sislikely
a shortcoming of the instrumentation, possibly due to a pre-
ferred path-length-averaging in the vertical direction caused
by the sensor geometry of the sonic anemometers.
The unusual scale dependence of VAR at 16m suggests
that the canopy inhibits horizontal ﬂuctuations more than
vertical ones, leading to large values of VAR that can even
exceed unity in the long-term average (Fig. 4). At this site,
the composite VAR reaches a local maximum of 1.5 at a
timescale of 25.6s. This enhanced suppression of the hori-
zontal wind ﬂuctuations compared to the vertical at a height
where the tree crown is densest was qualitatively conﬁrmed
by visualizing the canopy ﬂow using episodic releases of ar-
tiﬁcially generated buoyantly neutral fog. The fog showed
strong and sudden vertical motions and enhanced diffusion,
while horizontal dispersion and transport were very weak.
While we are not aware of similar observations reported in
the literature, the suppression of horizontal over vertical mo-
tions can be explained when recalling the physical canopy
architecture of the Douglas-ﬁr trees. In the horizontal direc-
tion, the overlapping branches including their needles form
a large, uniform face and create a large ﬂow resistance when
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Figure 5. The normalized turbulence intensity at three levels as a
function of the wind speed above the canopy. Error bars denote ±1
standard error.
averaged over spatial scales exceeding that of a single tree.
In the vertical direction, gaps in-between individual trees that
are visible from the top of the tower create narrow passages
that do not impede the vertical motions. The combined effect
of the differences in canopy architecture leads to a greater
suppression of horizontal in comparison to vertical motions,
thus relatively enhancing the velocity aspect ratio shown in
Fig. 4. These results may be site speciﬁc.
3.3 Normalized turbulence intensity
The normalized turbulence intensity (σwU−1) at 16 m is
much larger than either above or below the canopy, increases
from about 1 to 2 as the 38m wind speed increases from 0
to 4ms−1, and levels off for wind speeds exceeding 2ms−1
(Fig. 5). Moving from the upper clear bole space at 16m to
above the canopy at 38m, the mean wind speed increases
by a factor of 12 while σw increases by only a factor of 2.
That is, the inﬂuence of the canopy on the ﬂow is to strongly
reduce the mean horizontal wind speed while only weakly
reducing the vertical velocity ﬂuctuations. The relative lack
of suppression of the vertical velocity perturbations at 16 m
is consistent with the ﬁnding above, where the canopy ele-
ments act to suppress the horizontal ﬂuctuations more than
the vertical ones leading to large VAR at 16 m. We are not
aware of any reported values of the turbulence intensity that
exceed those observed here (Fig. 5).
3.4 Flux–gradient relationship in the sub-canopy
The composite diurnal cycle of the sub-canopy sensible heat
ﬂux over the entire experimental period ranges from about
1Wm−2 at night to −3Wm−2 during the day (Fig. 6). The
ﬂuxes are very small as a result of the extremely weak tur-
bulence due to the combination of weak winds above the
canopy and a very dense canopy (Fig. 1). Despite the very
weak turbulence and very small ﬂuxes, a coherent temporal
pattern is observed where the heat ﬂux is upward at night be-
cause the ground surface is warmer than the canopy due to
Figure 6. The observed diurnal cycle of the sub-canopy sensible
heat ﬂux with standard error bars (top) and ±1 standard deviation
(bottom), where the uncertainty is due to the day-to-day variability
in the heat ﬂux for a given hour of the day over the entire 5-month
period.
strong radiational cooling of the tree crowns, and is down-
ward during the day, when the tree crowns are warmer than
the ground surface. This diurnal cycle of the heat ﬂux is op-
posite to the common textbook case where the heat ﬂux is
upward during the day and downward at night. It is rather
remarkable that a consistent sub-canopy heat ﬂux pattern
emerges despite the instrumental challenges of measuring
such small heat ﬂuxes characterized by large relative sam-
pling errors associated with the shortcomings of comput-
ing eddy-covariance ﬂuxes in very weak turbulence (Mahrt,
2010).
The relationship between the 4m heat ﬂux and the product
of the mean wind speed and the temperature difference is
shown in the bottom panels of Figs. 7 and 9. The slope of the
linear regression line is an estimate of the Stanton number
(CH). The estimate for CH of 1.1±0.04×10−3 with r2 =
0.32 is within the range of typical values reported for CH
in the literature ranging from 1 to 5×10−3 (Stull, 1990).
The large relative random sampling errors associated with
the small ﬂuxes contribute to the scatter.
We could not ﬁnd any other variable that explained sig-
niﬁcant additional variance in the 4m heat ﬂux, including
soil temperature, soil moisture content, air temperature, wind
speed or direction above or below the canopy, moisture ﬂux,
momentum ﬂux, or the variances of vertical velocity, tem-
perature, or moisture. That is, the formulation in Eq. (3),
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Figure 7. Scatter plot of the 30min average sub-canopy kinematic
heat ﬂux (lower panel) as a function of the product of the mean
wind speed and the temperature difference. The slope of the linear
regression line (red) is an estimate of the sub-canopy Stanton num-
ber (CH). The estimate for the sub-canopy CH using this approach
is 1.1± 0.04×10−3, using a 90% conﬁdence interval for the slope,
and the regression explains 32% of the variance. Above the canopy
at 38m (upper panel), the estimate of the Stanton number is 73.5 ±
1.3×10−3, with 77% of the variance explained.
assuming the exchange coefﬁcient is known, appears to be
the best formulation of the heat ﬂux, thus conﬁrming the bulk
ﬂux–gradient approach for the sub-canopy.
In addition to general agreement with previously reported
CH estimates, it is encouraging that the intercept of the re-
gression equals zero for all practical purposes (bottom panels
of Figs. 7 and 9), which indicates that, on average and despite
the large scatter, the sub-canopy heat ﬂuxes are aligned with
the direction of the local temperature gradient as required by
the ﬂux–gradient relationship. The zero intercept was found
using the 2cm soil temperature and the 4m shielded and as-
pirated air temperature to calculate the temperature differ-
ence. The zero intercept suggests that the 2cm soil tempera-
turemeasurementisrepresentativeoftheaveragegroundsur-
face (skin) temperature in the sub-canopy eddy-covariance
ﬂux footprint.
The dependence of the strength of the regression relation-
ship (or the fraction of variance explained (r2)) and the slope
(CH) on the ﬂux perturbation timescale (τ) and the ﬂux-
averaging timescale (λ) is brieﬂy discussed here. Neither r2
Figure 8. The frequency distribution of the sub-canopy Stanton
number (multiplied by 1000) where each 30min estimate is com-
puted as the heat ﬂux divided by the product of the mean wind
speed and the temperature difference. This approach for estimat-
ing the Stanton number yields a mean value of 1.1×10−3 and a
standard deviation of 2.05×10−3.
Figure 9. The kinematic heat ﬂux as a function of the product of the
mean wind speed and the temperature difference at 38m (top panel)
and at 4m (bottom). The slopes of the linear regression lines (red)
are estimates of the Stanton number: 73.5±1.3×10−3 at 38m and
1.1±0.04×10−3 at 4m. Each of the ten class averages contains
an equal number (282) of 30min samples. Error bars denote ±1
standard error.
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or CH are strongly sensitive to λ. The variance explained by
the regression (r2) increases slightly with increasing λ due
to a decrease in the random sampling error. The change in
CH with ﬂux-averaging timescale is small, decreasing only
6% for a change in λ from 30min to 2h. The r2 decreases
slightly with increasing τ because an increasing perturba-
tion timescale increases the possibility that larger-scale, non-
turbulent sub-mesoscale motions, which may not be related
to the local mean wind speed or temperature gradient, will
be included in the calculated ﬂux, especially in stable condi-
tions(e.g.,Smedman,1988;VickersandMahrt,2006;Mahrt,
2009). CH increases with increasing perturbation timescale
because of the systematic ﬂux loss when using too small a
value for τ to calculate the heat ﬂux. For example, if there
is signiﬁcant heat ﬂux associated with turbulent transport on
timescales of 300s and the ﬂux is calculated using τ equal to
100s, then the computed ﬂux will be an underestimation for
the given wind speed and temperature gradient.
An alternative approach for estimating the sub-canopy CH
is to compute individual 30min average estimates, equal to
the heat ﬂux divided by the product of the mean wind speed
and the temperature difference (Eq. 3). The frequency distri-
bution of such estimates is shown in Fig. 8. This approach to
estimate CH yields a mean value of 1.1×10−3 with a stan-
dard deviation of 2.05×10−3. When computing individual
30min average estimates of CH, we exclude cases where
the product of the absolute value of the 30min mean wind
speed and the temperature difference is less than 0.1 Kms−1.
This is necessary to avoid dividing by a very small number or
zero when solving Eq. (3) for CH for individual 30min peri-
ods. About 15% of the CH estimates are less than zero, indi-
cating counter-gradient heat transfer (Denmead and Bradley,
1985) or, more likely, very small mean ﬂuxes and large ran-
dom ﬂux sampling errors. The negative values of CH tend
to be associated with stronger wind speed periods. Some of
the variation in the sub-canopy CH (Fig. 8) appears to be
due to variation in stability (not shown). However, we avoid
plotting CH as a function of z/L, where L is the Obukhov
length scale, to eliminate the problems associated with self-
correlation, where the same quantity (in this case the heat
ﬂux) is contained within two different variables (CH and
z/L) being compared to each other (Hicks, 1978; Klipp and
Mahrt, 2004; Baas et al., 2006). We also avoid comparing
CH to a bulk Richardson number because both contain the
temperature gradient. CH is positively related to the vertical
velocity variance; however, models do not have information
on the vertical velocity variance, so developing relationships
based on the velocity variance may not be useful to parame-
terize the heat ﬂux.
3.5 Flux–gradient relationship above the canopy
Above the canopy, CH is computed using a temperature dif-
ference equal to the brightness radiative canopy temperature
minus the 38m air temperature (top panels of Figs. 7 and
Figure 10. The frequency distribution (top panel) and the diurnal
cycle (bottom) of the above-canopy Stanton number multiplied by
1000. Error bars denote ±1 standard error.
Figure 11. The kinematic heat ﬂux as a function of the product
of the mean wind speed and the temperature difference using the
single-source approach (see text). The slope of the linear regression
line (red) is estimate of the Stanton number: −12.8±27.9×10−3.
Each of the ten class averages contains an equal number (282) of
30min samples. Error bars denote ±1 standard error.
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9). With such a temperature gradient deﬁned, our estimate
of CH above the canopy using the regression slope method
is 73.5±1.3×10−3 (Fig. 9, top panel). This is about 65
times larger than the estimate found for the sub-canopy of
1.1±0.04×10−3. The linear regression explains 77% of the
variance of the heat ﬂux at 38m compared to 32% of the
variance at 4m.
Stability appears to have a signiﬁcant inﬂuence on the
38m CH, leading to a bi-modal frequency distribution
(Fig. 10). Stability is more important above the canopy com-
pared to in the sub-canopy in part because the daytime heat
ﬂuxes at 38m are typically 100 times larger than those in
the sub-canopy. The mean daytime above-canopy CH is
84.2±55.6×10−3, while the mean nighttime above-canopy
CH is 15.3±26.4×10−3. Again, direct comparisons between
CH and z/L or the bulk Richardson number are avoided
here to eliminate contamination of the relationships by self-
correlation.
One possibility to explain the larger CH above the canopy
is that the larger surface area associated with the large leaf
area density leads to more efﬁcient transfer of heat for a
given mean temperature difference and wind speed, and thus
a larger exchange coefﬁcient. Another possibility is simply
that the turbulence is much stronger above the canopy; how-
ever, this difference in turbulence strength should be at least
partially accounted for in the bulk formula where U is re-
lated to the shear generation of turbulence and the tempera-
ture difference is related to the buoyancy generation of turbu-
lence.Whilethelargernormalizedturbulenceintensityabove
the canopy (0.32) compared to that in the sub-canopy (0.19)
could account for some of the difference in CH, it seems un-
likely it could account for all of it. We would like to add
that all three observational levels are likely located within
the roughness sublayer, as it can extend from the surface to
3 to 5 times the canopy height (Garratt , 1980; Raupach and
Thom,1981;Thomasetal.,2006).Ifthe38mmeasurements
are indeed in the roughness sublayer, then the turbulence and
the ﬂuxes may be heterogeneous in the horizontal and much
larger (or smaller) than predicted by standard ﬂux gradient
relationships.
3.6 Single-source ﬂux–gradient
Here we estimate CH at 38m using a single-source approach
where the temperature difference used to estimate the heat
ﬂux at 38ma.g.l. is computed as the 2cm soil temperature
minus the potential temperature of the air at 38ma.g.l. That
is, the single-source approach ignores the presence of the
canopy.
Using the single-source approach, CH is negative
(−12.8±27.9×10−3), suggesting that the heat ﬂuxes are
counter-gradient (Fig. 11). That is, the single-source ap-
proach fails because it makes the heat ﬂux appear to be
counter-gradient when in fact the heat ﬂux is aligned with the
local temperature gradient in both the sub-canopy and above-
canopy layers when the two layers are considered separately.
Our presentation here of CH for the single-source ap-
proach is only an exercise for demonstration purposes. We
are not aware which models, if any, may still be employ-
ing a single-source approach for grid points with tall forest
canopies.
4 Summary and conclusions
The daytime sub-canopy heat ﬂux is downward because the
strong radiational warming takes place in the high leaf area
densityofthecanopylayer,notattheground.Conversely,the
nighttime sub-canopy heat ﬂux is upward because the strong
radiational cooling takes place in the canopy layer, not at the
ground.
The sub-canopy ﬂuxes and vertical velocity variance ex-
hibitgreaterpeaktimescalesandbroaderspectralpeakscom-
pared to the those above the canopy. This likely indicates
a variety of turbulence generation mechanisms in the sub-
canopy compared to above the canopy, where a single mech-
anism (buoyancy) dominates.
A peculiar double-peak structure with timescales of 0.8s
and 51.2s is typically observed in the sub-canopy vertical ve-
locity spectra during the day but almost never at night. The
very small eddies responsible for the peak at 0.8s may be
associated with tree stem wake. A double-peak structure is
alsoobservedinthedaytimesub-canopyheatﬂuxco-spectra,
where a local minimum in the negative heat ﬂux is found for
the range of timescales from 6.4 to 25.6s. We argue that the
double peaks in the heat ﬂux are the result of the canceling
contribution of opposing heat ﬂuxes creating a gap in an oth-
erwise continuous co-spectra,
The daytime momentum ﬂux co-spectra at 16m and in
the sub-canopy are characterized by a relatively large cross-
wind component, likely due to the extremely light and vari-
able winds, such that the deﬁnition of a mean wind di-
rection, and subsequent partitioning of the momentum ﬂux
into along- and cross-wind components, has little physical
meaning. Positive values of both momentum ﬂux compo-
nents in the sub-canopy denote an upward transfer of mo-
mentum, consistent with the observed decrease in the mean
wind speed with height between the sub-canopy and canopy
layers.
The closed canopy appears to inhibit horizontal motions
more than vertical motions, leading to large values of the ve-
locity aspect ratio and the normalized turbulence intensity
in the canopy. The suppression of the horizontal wind com-
ponent compared to the vertical component was qualitatively
conﬁrmed by visualizing the ﬂow using releases of buoyantly
neutral fog. The sub-canopy motions are more anisotropic
compared to those above the canopy, consistent with en-
hanced suppression of vertical velocity perturbations closer
to the ground.
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Theslopederivedfromlinearregressionofthesub-canopy
heat ﬂux as a function of the product of the mean wind speed
and the temperature difference yields an estimate for the sub-
canopy Stanton number (exchange coefﬁcient for heat) of
1.1±0.04×10−3 (90% conﬁdence interval for the slope).
The intercept of the regression is zero, indicating that, on av-
erage and despite the large scatter, the sub-canopy heat ﬂuxes
in the mean are aligned with the local temperature gradient.
An alternative approach for estimating CH, where we com-
pute individual 30min average estimates and average them,
yields an estimate for the mean sub-canopy Stanton number
of 1.1×10−3 with a standard deviation of 2.05×10−3.
The exchange coefﬁcient for heat above the canopy is
73.5±1.3×10−3, or about 65 times larger than the estimate
found for the sub-canopy. Stability appears to have an impor-
tant inﬂuence. The mean daytime (unstable) above-canopy
CH is 84.2±55.6×10−3, while the mean nighttime (stable)
above-canopy CH is 15.3±26.4×10−3. A likely explanation
for the larger CH above the canopy compared to in the sub-
canopy is that the higher leaf area density in the canopy leads
to more efﬁcient transfer of heat compared to the ground sur-
face for a given wind speed and temperature difference, and
thus a larger exchange coefﬁcient. Much stronger turbulence
at 38m may also be a factor, although this effect is typically
assumed to be accounted for in the bulk formula.
A single-source approach for the 38m heat ﬂux fails be-
cause it neglects the presence of the canopy. Such failure is
likely dependent on the canopy closure and vertical structure.
Neglecting the canopy at our site makes the heat ﬂux appear
to be counter-gradient when in fact it is aligned with the local
temperature gradient when the two layers are considered sep-
arately. This indicates that surface ﬂux models that do not ex-
plicitly resolve the canopy and sub-canopy layers may com-
pute erroneous heat ﬂuxes.
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